Abstract
Introduction
dinoflagellates more broadly) are known for their idiosyncratic features including non-66 canonical splice sites, extensive methylation 8 and large sizes, up to 250 Gbp 9 . Their plastid 67 genomes occur as plasmid-like minicircles [10] [11] [12] ; their mitochondrial genomes harbor only 68 three protein-coding genes and lack stop codons, and both mitochondrial [13] [14] [15] demonstrating them to be highly divergent 18 . Genome sequences are still lacking for Clade C, 74 the most ubiquitous and diverse clade associated with tropical reef corals 21 , at least some sub-75 clades ("types") of which are ecologically partitioned 22 . 76
Here we report draft genomes of two Symbiodinium from the Pacific Ocean: S. goreaui 77 (type C1; isolated from the acroporid coral Acropora tenuis) from the Great Barrier Reef, and 78 S. kawagutii CS-156 (=CCMP2468, Clade F) from Hawaii. Symbiodinium type C1 is one of 79 two "living ancestors" (along with type C3) of Clade C 21 , and one of the most dominant types 80 associated with reef corals in both Indo-Pacific and Caribbean waters 20 . S. goreaui has been 81 reported from >150 coral species on Australia's Great Barrier Reef, representing >80% of the 82 studied coral genera in this region 23 across environments from reef flats to lower mesophotic 83 depths [23] [24] [25] . In contrast, S. kawagutii CS-156 (=CCMP2468) was isolated during attempts to 84 culture the symbiont from Montipora verrucosa (Todd LaJeunesse, personal 85 communication). This isolate has yet to be verified to occur in mutualistic symbiosis with any 86
coral, and appears incapable of establishing experimental symbiosis with cnidarian hosts 26 . 87
Instead S. kawagutii may be exclusively a symbiont of foraminifera, or occur free-living at 88 low environmental densities but proliferate opportunistically in culture. As some genome data 89 have been published for S. kawagutii CCMP2468 18 , we used these in combination with new 90 data from the present study to generate a refined genome assembly. The genomes of S. 91 goreaui and S. kawagutii offer a platform for comparative genomic analyses between two of 92 the most-recently diverged Symbiodinium lineages Clades C and F, and published genome 93 sequences in the more-basal Clades A and B. 94
Adopting a comparative approach using both genome and transcriptome data, we 95 systematically investigated genes and functions that are specific to Symbiodinium vis-à-vis 96 other dinoflagellates, and their association with the establishment and maintenance of 97 symbiosis. We also computationally identify genes and functions for which there is evidence 98 of adaptive selection in Symbiodinium. This is the most-comprehensive comparative analysis 99 so far of Symbiodinium genomes, and the first to include a prominent endosymbiont of corals 100 of Indo-Pacific and Caribbean reefs. 101
Results

102
Genomes of S. goreaui and S. kawagutii
103
We sequenced and generated two draft Symbiodinium genome assemblies de novo, for S. 104 goreaui (Clade C, 1.03 Gbp) and for S. kawagutii (Clade F, 1.05 Gbp). Details of data 105 generation and assembly statistics are shown in Supplementary Tables S1 and S2  106 respectively. Our S. goreaui assembly consists of 41,289 scaffolds (N50 length 98,034 bp). 107
For S. kawagutii, we first verified that our data (from isolate CS-156) and the published data 108
(from the synonym isolate CCMP2468) are indeed from the same culture of origin (see 109
Supplementary Methods and Supplementary Figure S1 ). Compared to the published assembly 110 (Lin et al. 18 ), independent mapping of their ten fosmid sequences 18 onto our preliminary CS-111 156 assembly yielded up to 43-fold and 37-fold fewer gaps and mismatches respectively 112 (Supplementary Figure S2) . We later combined both datasets in a single de novo assembly, 113 yielding 16,959 scaffolds (N50 length 268,823 bp). Genome-size estimates based on k-mer 114 coverage are 1.19 Gbp for S. goreaui and 1.07 Gbp for S. kawagutii (Supplementary Table  115 S3), comparable to those for other sequenced Symbiodinium genomes. We also recovered 116 sequences putatively derived from their plastid genomes (Supplementary Tables S4, S5 and 117 S6) including their distinct core conserved regions (Supplementary Table S7 Figure S7) , 371 of which are common to all four Symbiodinium based 135 on the predicted gene models (Figure 1a ; Supplementary recognised importance in cnidarian-dinoflagellate symbioses 17 . 230
We further assessed enrichment of GO terms against all annotated terms specifically in 231 the four Symbiodinium genomes (Supplementary Table S21 shinorine to palythine-serine 84 . Genes encoding these four MAA-biosynthetic enzymes were 324 reported absent from the S. kawagutii genome 18 . Here, using known proteins in bacteria, 325 fungi and cnidarians as queries, we recovered all five enzymes including the short-chain 326 dehydrogenase from the S. microadriaticum, S. goreaui and S. kawagutii genomes 327 (Supplementary Table S23 ); ATP-grasp was not found in S. minutum. These enzymes were 328 earlier reported absent from S. kawagutii, and it was proposed that their absence can be 329 compensated via coral-Symbiodinium co-evolution 18 ; this hypothesis remains to be 330 investigated, but we note that this S. kawagutii isolate has not been observed in association 331 with an animal host 26 . 332
Scytonemin is a UV-blocker first reported in terrestrial cyanobacteria 83, 85 , and in 333 contrast to MAAs was thought to be synthesised exclusively by cyanobacteria 86 . The genome 334
of Nostoc punctiforme contains an 18-gene operon that specifies proteins of scytonemin 335 biosynthesis and regulation, including the synthesis of aromatic amino-acid precursors 87, 88 . Its 336 expression is up-regulated by UV radiation 89 . Homologs of six of these 18 genes have been 337 described in the coral Acropora ditigifera, and were considered putative instances of lateral 338 genetic transfer 90 . We find 12 of these 18 genes in the genomes of S. goreaui and in S. 339 kawagutii, 11 in S. microadriaticum and ten in S. minutum (Figure 3b , Supplementary Table  340 S24). 341
Genes responsible for biosynthesis of tryptophan (trpA, trpB, trpC, trpD and trpE) and 342 the two key enzymes of chorismate (and aromatic amino acid) biosynthesis, aroG and aroB 343 (dehydroquinate synthase, also important for MAA biosynthesis), are found in all 344
Symbiodinium genomes, albeit so far in different scaffolds; these genes are also present in 345
Arabidopsis thaliana although not in corals or Hydra which, like most other animals, are 346 unable to synthesise tryptophan. The recovery of more of these 18 genes in Symbiodinium 347 than in corals or other animals (Figure 3b) In this study we generated the first draft genome of S. goreaui (Clade C), a much-361 improved draft genome of S. kawagutii (Clade F) and high-quality gene models for both. Table S1 for details. 389
Genome assembly and annotation
390
We adopted a combined approach to de novo genome assembly (Supplementary Methods) in 391 which multiple assembly programs (CLC Genomics Workbench (Qiagen), SPAdes 95 and 392 ALLPATHS-LG 96 ) were first used independently. The quality of each assembly was assessed 393 based on full-length recovery of phylogenetic markers and known coding sequences. Once 394 the best assembly (the master assembly) was identified, other assemblies were used to refine 395 it via merging scaffolds and filling gaps. We adopted a comprehensive ab initio approach for 396 gene prediction using all available dinoflagellate proteins, as well as all Symbiodinium genes 397 and transcriptomes, as guiding evidence. Our approach combines evidence-based methods i. Figure S7 ) when run at default setting. We 410 further assessed completeness using BLAST based on predicted proteins from the gene 411 models and the assembled genome scaffolds. For each genome, we followed Baumgarten et 412 al. 105 and searched (BLASTP, E ≤ 10 -5 ) against the predicted proteins using the 458 CEGMA 413 proteins 103 . We also searched against the CEGMA proteins using the genome scaffolds 414
(BLASTX E ≤ 10 -5 ), against genome scaffolds using the 458 CEGMA proteins (TBLASTN, 415 E ≤ 10 -5 ), and against genome scaffolds using the 458 CEGMA transcripts (TBLASTX, E ≤ 416
10
-5 ) (Supplementary Table S10, Supplementary Figure S7) . 417
Identification and removal of bacterial and viral sequences
418
Bacterial and viral sequences were identified and removed following Aranda et al. 17 . Briefly, 419 we used our genome scaffolds (BLASTN, E ≤ 10 -20 ) to query the complete and draft bacterial 420 genomes in NCBI, and the viral genomes in NCBI and PhAnToMe (http://phantome.org). We 421 applied more-stringent criteria than did Aranda et al. 
Analysis of positive selection in Symbiodinium genes
457
For the 15-taxon set we sorted the 311,651 protein sets into 1,654 single-copy (ortholog) and 458 16,836 multi-copy sets. Multiple sequence alignments were carried out using MAFFT v7.245 459 at -linsi mode 111 ; questionably aligned columns and rows were removed from these 460 alignments using trimAl 112 with the -automated1 option. 461
Branch-site models (BSMs; see below) require a reference topology. We follow Price 462 and Bhattacharya 48 to generate the reference species tree. The trimmed single-copy protein 463 alignments were concatenated prior to maximum-likelihood (ML) inference of the species 464 phylogeny using IQTREE 113 ; each alignment represents a partition for which the best 465 evolutionary model was determined independently. Support for each node was assessed using 466 2000 rapid bootstraps. The species tree so generated (Figure 2a) Of all trimmed protein alignments, those with ≥ 60 aligned positions and ≥ 4 sequences 471 were used in subsequent analysis. For multi-copy protein sets, we imposed further filtering 472 criteria. We first inferred individual ML trees for the multi-copy sets using IQ-TREE, and 473 each resulting protein tree was compared with the reference species tree. Those congruent 474 with the reference species tree at genus level, and in which all Symbiodinium are resolved as 475 an exclusive monophyletic clade, were judged paralog-free and used in subsequent BSM 476 analysis (Supplementary Figure S8) . Among the 16,836 multi-copy sets of the 15-taxon 477 analysis, 1788 (10.6%) resolve all Symbiodinium sequences into an exclusive monophyletic 478 clade and are topologically congruent at genus level with the reference species tree (i.e. 479 contain co-orthologs but not paralogs) and were retained, while the remaining 15,048 failed 480 one or both of these filtering criteria (i.e. contain presumed paralogs) and were not analysed 481 further (Supplementary Figure S8) . The percentages of missing data and parsimoniously 482 informative sites in all filtered protein alignments for the 15-taxon set are detailed in 483
Supplementary We applied the branch-site model (BSM) implemented in the codeml program in 489 PAML 4.9 117 to detect positive selection signal unique to the Symbiodinium lineage. BSMs 490 allow the dN/dS ratio ω to vary among both sites and branches, making it possible to infer 491 selection at both. We computed two models: a null model with fixed ω = 1, and an alternative 492 model that estimates ω in our defined foreground branches (here, the node that leads to all 493 Symbiodinium lineages). We then compared the likelihoods of these two models to determine 494 the better fit. To reduce false positives we applied q-value estimation for false discovery rate 495 
